Abstract
residual stress and stress amplitude were calculated. For verification against damage initiation in low-cycle-fatigue 49 (LCF), the peak stress was compared to the material's yield strength. For verification against failure in high-cycle-50 fatigue (HCF) each element's reserve factor was calculated using the conservative Soderberg infinite life criterion. 51 52 Results demonstrated the importance of accounting for mean stress. The cup was predicted to experience high cyclic 53 mean stress with low magnitude stress amplitude: a low cyclic load ratio (R l = 0.1) produced a high cyclic stress ratio 54 (R s = 0.80). Furthermore the locations of highest cyclic mean stress and stress amplitude did not coincide. The 55 minimum predicted reserve factor N f was 1.96 (HCF) and 2.08 (LCF). If mean stress were neglected or if the stress 56 ratio were assumed to equal the load ratio, the reserve factor would be considerably lower, potentially leading to 57 over-engineering, reducing bone conservation.
59
Fatigue strength evaluation is only one step in a broader development process, which should involve a series of 60 verifications with the full range of normal and traumatic physiological loading scenarios, with representative 61 boundary conditions and a representative environment. This study presents and justifies a fatigue analysis 62 methodology which could be applied in early stage development to a variety of modular and pre-stressed prosthesis 63 concepts, and is particularly relevant as implant development aims to maximise modularity and bone conservation. 
INTRODUCTION

66
The fracture and fatigue strength of novel joint replacement implants should be verified against the full range of life 67 cycle loading. This includes impact and cyclic loads several times the weight of the body, as a result of normal 68 activities [1] and occasional traumatic events such as stumbles and falls [2] . With over one million high magnitude 69 load cycles per year [3] [4] [5] fatigue must be a primary focus in pre-clinical analysis and testing. 70 71 Recent acetabular cup implant developments have aimed to reduce wall thickness, which permits an increase in 72 bearing diameter without requiring additional bone removal during surgery [6] [7] [8] . A large bearing diameter promotes 73 joint stability and reduces the risk of dislocation [9, 10] , allowing patients to return to an active lifestyle. Bone stock 74 preservation is beneficial later, if the implant should need to be revised [11] . However, fatigue strength verification 75 will become particularly important, because reducing the implant's section thickness will increase its cyclic stress. 76 77 Modular acetabular cups comprise a ceramic or polymeric bearing insert for low wear articulation, and a titanium 78 alloy (Ti-6Al-4V) outer shell featuring a rough, bioactive Hydroxyapatite (HA) coating to promote cementless 79 fixation through osseointegration (Figure 1, left) . Modular assembly of the insert and shell by a tapered interference 80 fit enables a range of implant size options. In ceramic bearing cups, the interference fit generates a compressive 81 residual stress field in the bearing shell rim, which is protective against ceramic fracture under tensile stresses 82 generated under in-vivo loading [7] . Thinner pre-stressed shells (Figure 1, should also include the influence of stress-concentrating design features such as fins for primary cup stability, and 102 for attachment to surgical instruments for cup introduction, impaction, re-positioning and removal ( Figure 1 ). This is 103 of particular importance in titanium alloy components, which are notch sensitive [14] [15] [16] considerably finer mesh in order to capture a contact stress peaks at the taper interface. These solution times were 164 obtained using a sparse matrix solver, running in-core on a 3GHz, 8GB RAM desktop machine. 
Loading Scenarios
175
Two loads were applied to each model, representing press fitted assembly, and a superimposed cyclic in-vivo activity 176 load. Assembly was simulated using displacement control to press the ceramic insert by its rim into the metal shell, 177 supported at its pole [7] . The assembly press was then removed, and coulomb friction at the taper interface 178 maintained the press-fit and the resulting initial pre-stress in the implant.
180
For high cycle fatigue analysis, gait loading was simulated. A joint contact force of 5.8kN was applied to the implant 181 bearing surface through a single, rigid spherical head with frictionless contact. The effects of articulation and bearing 182 friction were considered separately as described in Section 2.4, local to the cup fixation fins, where the resulting 183 torque would be concentrated. The applied force represents the maximum 584% bodyweight load recorded during 184 jogging from instrumented implant clinical studies [21, 22] , which is a likely worst-case cyclic normal activity load.
185
Hip replacement patients are reported to exert 1-2.5 million gait cycles per year [3] [4] [5] 22 ] upon each lower limb joint.
186
Although the majority of these cycles are walking loads, jogging represents a worst-case. The fatigue reserve factor N f versus the Soderberg infinite life limit was calculated as described in Appendix 1 for (Figure 1 ) was added to the stress amplitude for all nodes 228 in a band region around the rim of the shell on its external surface (Figure 3 ). This additional stress amplitude was 229 determined using a sub-model of the shell featuring a tangentially loaded fin (not reported). The tangential load was 230 determined using a friction factor of 0.05, the maximum measured for the bearings in question in a simulator study 231 by Scholes and Unsworth [30] , and exerting the bearing frictional torque that this generated over a single fin.
233
The influence of stress concentrating geometric features in high cycle fatigue was incorporated in the fatigue stress 234 concentration factor K f (Appendix 1), as a function of the stress concentration factor K t , which accounts for the stress 235 concentrating effect of geometric features in the structure. For conditions a-c, without geometric stress 236 concentrations, the minimum K t = 1 was used. For condition d, in the region containing the shell's introducer 237 attachment features, K t was conservatively estimated from the results of a sub-model of a section of the shell 238 featuring an introducer attachment wire groove (as in Figure 1 , not reported), from the ratio of the local peak stress at 239 the introducer attachment feature to the nominal stress in the shell.
241
The influence of the shell manufacturing and processing was incorporated in the endurance limit value (S e ). 
RESULTS
259
In the ceramic bearing insert, assembly was predicted to generate an axisymmetric residual tension field with a peak Considering high cycle fatigue, these raw equivalent stress field data for the titanium alloy shell were used to 282 calculate the cyclic mean stress and stress amplitude for each in -vivo load case, incorporating geometric stress 283 concentrations and worst-case error margins of model verification. These were used to calculate the reserve factor vs. 284 the Soderberg infinite life limit for each node in the model, using an appropriate endurance limit for the surface in These results were corroborated by physical testing (Appendix 2). Fatigue assessment using a single in-vivo FE analysis and the Goodman, Gerber and Soderberg limits has precedence 329 in pre-clinical analysis of existing and conceptual mono-block implants [35, 36] . The modified approach used in this 330 study, employing full-field analysis of stresses both from residual and superimposed in-vivo loads was justified 331 where the fatigue stress ratio R s may be considerably larger than the fatigue load ratio R l in pre-stressed modular 332 implants. As a result it was observed that in pre-stressed modular cups, with high residual stress in the titanium alloy 333 shell, the locations where the peak cyclic mean stress and peak cyclic stress amplitude were experienced did not 334 correspond with each other, or with the minimum reserve factor location ( Figure 6 ). Conversely, the ceramic 335 component demonstrated a more conventional low stress ratio, as its residual tensile stresses are lower, so its peak 336 cyclic stresses corresponded with its overall peak stress (Figure 4) . 337 338 A key step in the verification of design concepts using this methodology would be the collection of case-specific 339 yield strength and endurance limit data at the appropriate R s ratio. This would be collected for each of the modelled The simulations and tests are subject to several limitations. The true clinical scenario that these models aim to 349 describe is highly non-deterministic, subject to variability in loading, surgical positioning and the mechanical 350 properties of the supporting bone and its interface with the implant. Moreover, the geometry of the cup components 351 is not constant, with each dimension varying across a manufacturing tolerance range. This will have a considerable 352 effect upon the elastic energy stored in the taper interface and the transmission of stress into the supporting material.
353
Confidence in the computational analysis could be increased with the consideration of these variables through 354 probabilistic methods. However, there is no theoretical limit to the range and magnitude of traumatic loads which 355 can be imposed upon orthopaedic implants, so worst-case test methods and conservative pass criteria must be 356 defined. In this example, worst realistic case normal, non-microseparating loading (high cycle fatigue) and 357 occasional overloading (low cycle fatigue) scenarios were simulated, and the results were analysed using 358 conservative endurance limit, yield strength, stress concentration factor and notch sensitivity factor values. This 359 approach is conservative and will lead to some additional over-engineering, but it negates the effects of load 360 sequence interactions for the loading regime considered, and is safer for the orthopaedic implant application where 361 no fatigue damage accumulation may be tolerated. Even worse cases of surgical positioning could occur, but it must 362 be assumed that these rare cases would be detected during clinical follow-up, and corrected. The models were also a necessary simplification of the clinical scenario, in order to avoid biasing the development of Care must be taken when using FE models to obtain absolute predictions of stresses, in particular where 395 discontinuities of geometry or material properties produce stress concentrations. This is relevant to modular 396 assemblies, where the edge of the contact interface can produce a geometric stress concentration. This factor is of 397 particular importance with the presented methodology, which is a post-processing of absolute stress predictions.
398
Stress results must be therefore be verified, and where possible the models validated, in both modular components. with the possible influence of fretting and corrosion [48, 49] The PMMA-supported model was validated experimentally in terms of the generated residual cup stress, using 505 uniaxial strain gauges to measure the circumferential strain at two locations in eight titanium shells. The introducer attachment features would align with the highest shell stress location, giving a worst case of positioning.
519
A limitation was that frictional torque was not included in the fatigue test scenario described, so these effects would 520 require verification with additional testing, for example on a hip simulator with appropriate support. Following 521 fatigue testing, the cups were disassembled and the ceramic components were inspected using dye penetrant (Rocol 10 REFERENCES:
